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Abstract 

We develop a Lorenz- and gauge-invariant dynamical model for pion electroproduction in the resonance 
region. The model is based on solving of the Salpeter (instantaneous) equation for the pion-nucleon in- 
teraction with a hadron-exchange potential. We find that the one-particle-exchange kernel of the Salpeter 
equation for pion electroproduction develops an unphysical singularity for a finite value of Q 2 . We analyse 
two methods of dealing with this problem. Results of our model are compared with recent single-polarization 
data for pion electroproduction. 

PACS numbers: 12. 38. Aw, 13.40.Gp, 13.60.Le, 14.20.Gk 

I. INTRODUCTION 

The electron scattering on the nucleon is the 
main source of information about the nucleon 
structure and the nature of strong interaction. 
As such it has been a subject of comprehen- 
sive experimental and theoretical studies for the 
past several decades. Most recently, electron and 
photon beams have been used at several facili- 
ties such as JLab Q, 0, LEGS 0, MAMI fl, 
and MIT-Bates 0, to investigate the electroex- 
citation of nucleon resonances with an unprece- 
dented precision. In these works the parame- 
ters of the A(1232)-resonance electroexcitation 
— the 7* N — > A transition form factors — are 
extracted from the observables of pion electro- 
production on the proton (ep — > e' pn). 

Such determinations of resonance properties 
from experimental data require theoretical in- 
put, which, at present,is provided by the partial- 
wave analyses SAID @ and MAID 0K as well 
as by various dynamical models, e.g., 
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The model, henceforth called the OHIO model, 
has the advantage of building in the correct elec- 
tromagnetic form factors for the nucleon and 
pion-exchange (Born) contributions. Therefore 
we avoid the problem of preserving electromag- 
netic gauge-invariance by using the same elec- 
tromagnetic form factors, as is done in the other 
descriptions, see, e.g., in 

Our model is based on solving a 
quasipotentially-reduced Bethe-Salpeter equa- 
tion for pion-nucleon system where the photon 
is then subsequently attached to describe the 
photopion reaction. We use the equal-time 
quasipotential reduction which amounts to 
neglecting the relative-energy dependence of 
the potential of the Bethe-Salpeter equation 
thus leading to the Salpeter equation. In this 
approximation the pion, nucleon, and resonance 
exchanges which take place in the one-hadron- 
exchange potential appear instantaneously - 
the retardation effects are neglected. 

While in the case of pion-nucleon scattering 
and pion-photoproduction this quasipotential re- 
duction can be implemented rather straightfor- 
wardly, inclusion of the virtual photons tech- 
nically more difficult because of appearance of 
new singularities. These singularities are asso- 
ciated with the production channels (cuts) that 
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involve particles exchanged in the driving force. 
We do not include these production channels 
in a unitary fashion and therefore would like 
to evade corresponding singularities. In the 
Salpeter formalism this can be achieved by fixing 
the relative-energy variable to a Q 2 -dependent 
value, where Q is the photon virtuality. Another 
viable choice, adopted by us previously 11. 
is the "spectator" approximation applied to the 
electroproduction potential. In this paper we 
elaborate on the details of our model with an 
emphasis on how we deal with the problem of 
singularities of the Salpeter equation. We also 
compare the results of our model with the re- 
cent polarization data from JLab. 

The paper is organized as follows. In Sec. 
II, we describe the model and outline the prob- 
lem of the exchange singularities. In Sec. Ill we 
present the two choices of quasipotential reduc- 
tion which evade these singularities. In Sec. IV 
we study the model results for both choices, in 
comparison with recent experimental data from 
CLAS at JLab. 



II. THE MODEL AND PARTICLE- 
EXCHANGE SINGULARITIES 

The OHIO model is based on the unitar- 
ity dynamics of the ttN scattering model pre- 
sented in |l2|, where it is shown to be possible 
to approach the electromagnetic induced reac- 
tions in a way which satisfies the unitarity in the 
photo-pion channel space, and hence obeys ex- 
actly the Watson theorem. The model is based 
on a ttN-'jN coupled-channel equation which, 
when solved to first order in the electromagnetic 
coupling e, leads to the electroproduction ampli- 
tude, T nl * = V n j* + T 7r7r G vr K-7* ' wnere Vwy* is 
the basic electroproduction potential, G n is the 
pion-nucleon propagator and T nn is the full irN 
amplitude. Thus, pion rescattering effects are 
included as the final state interaction. 

The advantage of this approximation is that 
the scattering equation has to be solved itera- 
tively only for the irN scattering amplitude and 
then one can evaluate the electromagnetic ampli- 
tudes in a one loop calculation. Our model for 
the pion production potential (i.e., the driving 
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FIG. 1: The Born, vector-meson, and A-isobar con- 
tributions included in the electroproduction poten- 
tial. 



term VW. ) , is given in [1J, |18| and includes the 
following tree-level contributions: N direct and 
crossed terms, t- channel tt, uj and p exchanges, 
the Kroll-Ruderman (contact) term, and the di- 
rect and crossed A terms (see Fig^). The model 
for the ttN driving term (i.e. TW) has been de- 
scribed in detail in [12I H3|. 

The possibility of a large negative mass 
squared of the virtual photon poses a serious 
problem in the case when one calculates the off- 
shell elements of the matrix V n ^* (i.e. Q 2 7^ 0). 
Namely, singularities are encountered in the in- 
tegration path when the one-loop integration is 
performed. In the following we will show how 
this happens, and give a prescription for avoid- 
ing this problem. The singularities only arise in 
the t- and u-channel exchange terms. 

Consider for instance the denominator of the 
nucleon propagator in the case of the u— channel 
exchange: 



S N (p - k) 



m N 



u{Q 2 ,W,\q"\,cos(6))-m 2 N 



(1) 



where 



u(Q 2 ,W,q", cos 8)) -m 2 N 

= (E N - k ) 2 - (p- k) -m 2 N 



(E N + go) 



(p + 0P - q") 2 + m 2 N 



(2) 



where m^y, are the masses of the nucleon 
and pion, respectively, W = = ■ is the 
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total CM energy of the system, and the relative 
intermediate energy and momentum are desig- 
nated by 4o an d q" respectively. In Eq. @ we 
have made use of the fact that the incoming nu- 
cleon has 4- momentum defined by p^ 1 = (En,p) 
(it is fully on-shell), and the outgoing tt has 
4-momentum k^ = (ko,k), which written in 
terms of the relative 4-momentum of the out- 
going channel has the energy ko = ft^fs — 
and the 3- momentum k = (3P — q" , where the 
Lorentz scalars a and (3 are: a = p ■ P/s = 
(s + m 2 N - ml) /2s and (3 = k ■ P/s = (s — 
m 2 N + ml) /2s. We have also assumed that 
all the kinematics are in the CM frame (i.e., 
P m = (P°,0) = (s/s,Q)). In this frame, and 
from kinematics considerations the asymptotic 
energies of the incoming nucleon and outgoing 
pion are: u n = (W 2 — m 2 N + m 2 /) /2W, and 
E N = (W 2 + m 2 N + Q 2 ) /2W, respectively. The 
on-shell 3-momentum of the incoming nucleon is 

\P\ = 



E 2 
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The problem of singularities arises when the 
denominator of the propagator described by the 
function 
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E N + q'J. + 



(p + q ") 2 + m 2 N 



(p + q") 2 + m 2 N 



(3) 



vanishes. Note that in the equal time approx- 
imation which we use for the real photon case, 
<7o = 0. The relative asymptotic energy of the 
nucleon-pion system is given by: 



En 



2m% -ml + Q 2 
2W 



(4) 



while the square root term ranges from m^v to 
oo as the integration variable \q "\ ranges over 
all possible values. Since the minimum value of 
W is rriTv + rn^, the function / cannot vanish 
for Q 2 = 0. (Note that it is the first term in / 
which could possibly have a zero, but for Q 2 = 
this term is always negative.) However, as Q 2 
increases and En — ^ becomes larger (by the 
addition of Q 2 /2W as compared to the Q 2 = 
case), the first term in / can vanish. It vanishes 
at the smallest value of Q 2 /2W when p and q " 
are antiparallel and equal in magnitude. 



A. Q 2 /2W choice 

The singularity in the u-channel nucleon ex- 
change can be evaded by fixing the relative en- 
ergy q*Q = —Q 2 /2W, instead of to zero as in the 
equal-time reduction. This choice has the ad- 
vantage that the propagators in the w-channel 
exchanges are not modified at the photon point. 
Similar considerations also apply for the case of 
the u— channel A exchange, t— channel tt, p, uj 
exchang well as for the case of the hadronic 
form factors, such as the pion (monopole), and 
the rho and omega (one boson) form factors. 
The same choice for q^ works for the u-channel 
A exchange while for the t-channel terms and 
hadronic form factors, one must choose q'y = 
+Q 2 /2W. We shall refer to these modifica- 
tions of the propagators and form factors as the 
Q 2 /2W approximation. 

The main objection to this choice would be 
that it violates current conservation even at the 
on-shell values of the potential matrix (V^- 7 *). 
This problem could be fixed by a global restora- 
tion of the current such as: 



vr 



t q-J 

q ■ n 



(5) 



where is the 4— component electromagnetic 
current and is an arbitrary 4— vector. How- 
ever, since one of the main goals of our work was 
to construct a gauge invariant current, at least 
for the on-shell tree level, such a restoration of 
current conservation is unsatisfactory. 

Instead, we choose to restore the electromag- 
netic gauge-invariance in the following way. The 
isospin decomposition of the pion electroproduc- 
tion amplitude is done as follows: 
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(6) 



where r are the usual Pauli matrices, index a 
stands for the pion isospin states (vr^, tt°) and 
the lower index, in brackets, refers to the total 
isospin. Using Eq. Q one can determine the 
contribution of each exchange to the isospin de- 
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composed amplitudes. 
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(7c) 



The gauge invariance of the electromagnetic in- 
teractions can be imposed by the current con- 

0, for all val- 
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servation condition, 
ues of the isospin: T = 0, |, |. Due to the 
violation of current conservation introduced by 
our approximation in the denominators of the 
on shell potential matrix mj, Eqs. (JJJ) have to 
be modified accordingly. In the following we in- 
troduce the correction terms necessary for each 
isospin channel at tree level. The following nota- 
tion will be used for this derivation: the unmod- 
ified denominators are denoted by a unprimed 
symbol, while the modified denominators, which 
include the "x M = (Q 2 /2W, 0)" approximation, 
are denoted by a primed symbol. The u— and 
t— channel denominators and the hadronic form 
factor of the exchanged pion can be written: 



du — Pu ' Pu 

d U ' = (Pu ~ x] 



m 2 N 

■ (.Pu 



dt = PfPt- 
df = (pt + x) ■ (p t + x) 



m 2 N , 



(8b) 
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where p u = (p — k)^ and p% = (q — k)^. From 
Eqs. (JSJ) the following relationships between de- 
nominators result: 
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- d u 
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= q^-q^ 
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= qu-q^ 


(9c) 



where 



Using Eq. @ the u and t-channels propagators, 
and the pion form factor in our approximation 
write: 

S'n(Pu) = Sn(Pu) (d u /d u >) (12a) 
S' w (p t ) = S n (p t )(d t /d t ,) (12b) 
K(Pt) = UPt){d f Jd f ,f. (12c) 

Current conservation has to be satisfied by the 
isospin projected on shell amplitudes (Eqs. (J7J)) 
separately. Since the resonant contributions as 
well as rho and omega exchanges satisfy the con- 
dition by their Lorentz structure, then the prob- 
lem reduces just to the Born terms (i.e. nu- 
cleon direct and crossed terms, pion and Kroll- 
Rudermann terms). Using the modifications in- 
troduced in Eqs. (J7J) and Eqs. ©, and con- 
structing the invariant q^ ■ rrij. for each isospin 
separately the following violating terms result: 



q^ ■ Awli 



3 + _ 4 A f^h. 
da' d t ' \d/> 



df 
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d u d t ( dj w 
d u i d t ' \dft 

2 



75 1 



■ Am,Q 



df W 

1 - ±) 75< 
d,,i 



1 



(13b) 
(13c) 



After some straightforward algebra in Eqs. (|13|) 
the analytical terms necessary for correcting the 
violation of the current conservation, introduced 
by our approximation, for the on-shell amplitude 
are: 
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ft (14a) 
^14b) 
(14c) 



where 



(Q 2 + im 2 N - 2ml) I {*W 2 ) , (10) 
{Q 2 + 2m 2 ) I {AW 2 ) . (11) 



n = 1 _(*z^ft±^*) (15 ) 

■I TV 
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Comparing the isospin factors from Eqs. 1)141) 
with those from Eqs. (JJJ) one can exactly iden- 
tify where each of the contributions from Eqs. 
(|14jl has to be incorporated into the calculations. 
Notice that, as expected, they do not have an 
effect on the transverse components of the cur- 
rent, hence only the longitude multipoles would 
be affected by this correction. 

While these additional terms clearly restore 
current conservation at tree level, when we carry 
out the full dynamical calculation using this pro- 
cedure or the spectator approximation, we also 
impose current conservation numerically in the 
off-shell contributions. We confirmed that the 
use of a numerical restoration of current con- 
servation at the tree level reproduced the same 
results as given by the analytical results given 
above. 



B. Spectator choice 

Previously 0, 0] we have used a different 
method of avoiding the particle-exchange singu- 
larities namely the spectator approximation [111 
made in the electroproduction potential. As 
pointed out in Refs. 0, 0] the choice of the 
spectator particle depends on whether the po- 
tential is of the t-channel or u-channel exchange. 
For the u— channel exchange the outgoing pion 
is the spectator and therefore should be placed 
on the mass shell. Then the outgoing nucleon 
has the energy: 



E 



N' 



112 _|_ m 2 



(16) 



Under the spectator approximation the first 
term in Eq. © becomes equal to W — 

which re- 



2^ 



'q" 2 + m% — yv^-ry j t "'jy 
mains negative for all values of \q"\. 

If the potential is of the form of t— channel 
exchange the outgoing nucleon is set on its mass 
shell. Thus the outgoing pion energy is: 



W 



+ m 2 N , 



(17) 



which also avoids the singularities in the t- 
channel terms. An advantage of the spectator 
approximation is that the on-shell potential ma- 
trix (V n ~,*) does not violate current conservation, 



since this approximation, at the tree level, cor- 
responds to the asymptotic kinematics. 

The main disadvantage of the spectator ap- 
proximation is that it modifies the on — shell 
behavior even at the photon point, where no 
anomalous singularities arise in the u-channel 
and t-channel terms. In order to describe the 
Q 2 = data in the spectator approximation, it 
is necessary to refit some of the electromagnetic 
couplings (the most dramatic change arose in the 
magnetic coupling of A, Gm)- We have done this 
refitting and all the results presented in [ill . Ili| 
were calculated using this approximation. 



III. RESULTS AND DISCUSSION 

Using the Q 2 /2W approximation with the 
restoration of current conservation as described 
above, we have fitted the major electroproduc- 
tion multipoles that have been extracted from 
experiment using the coupling constants deter- 
mined by pion photoproduction. 

The parametrization of the 7 A" A form factors 
we universally use the form as in [llT |: 

2 . _ _1 + (Q 2 /Aj)e-Q 2 / B i 



Gi(Q 2 )=gi 



(1 + Q 2 /Ai) 



I = M, E, C. 
(18) 

Here we have built in a constraint from pertur- 
bative QCD (pQCD) such that these form fac- 
tors fall as Q~ 4 (modulo logs) for asymptotically 
large Q, see e.g. [l9|. In Table [0 are shown 
the parameters we used in the N «-> A form 
factors using the spectator approximation (//), 
while (/) denotes the same parameters using our 
Q 2 /2W— modification. In Fig. |2]we plot the Q 2 





9i(,ii) 


A nn) 




Bi(ii) 


Gm 


2.67(3.10) 


0.71(0.60) 


1.21(1.02) 


1.40(1.20) 


Ge 


0.11(0.05) 


0.50(0.50) 


-I.IO(-I.IO) 


2.00(2.00) 


Gc 


-0.38(-0.18) 


0.82(0.78) 


-0.90(-0.90) 


1.00(1.00) 



TABLE I: Parameters used in the N «-» A transi- 

(3/2) 

tion form factors to fit MW , Rem and Rsm- (I) 
±Q 2 /2W modification in the u- and t-channel terms 
and (//) spectator approximation. 
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dependence of the determined electromagnetic 
form factors in comparison with the standard 
dipole form factor F D (Q 2 ) using A=0.71 GeV 2 . 
The solid lines are the form factors determined 
in the Q 2 /2W— approximation, while the dashed 
lines are the same form factors determined using 
the spectator approximation. Note that all the 
form factors are normalized to 1 at the photon 
point and that the coupling constants for the 
two fits are different as given in Table I. One 
sees that the magnetic form factor Gm(Q 2 ), m 
both parameterizations, is overall harder than 
the dipole at low Q 2 , but it tends toward the 
dipole values at higher Q 2 , and the two different 
methods of regularizing the scattering equation 
lead to moderate effects in the Q 2 dependence of 
the form factor. The electric and Coulomb form 
factors Ge{Q 2 ) and Gc(Q 2 ) start much softer 
than the dipole; but Ge at higher Q 2 tends to 
return to Fp, while Gc{Q 2 ) remains a fraction of 
F D at high Q 2 . Unlike the magnetic case, both 
the electric and Coulomb form factors Ge and 
Gc have almost the same Q 2 dependence in both 
fits. Note that in all cases the overall trend of 
the N *-* A transition form factors function 
of Q 2 is similar. We can consider the differences 
as a measure of the uncertainty of our model. 
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FIG. 2: The Q 2 dependence of the determined N — > 
A electromagnetic form factors divided by the dipole 
form factor, at W = 1.232 GeV. 



We have been trying to determine quantita- 
tively the effect of the two approaches used in 
avoiding the singularities in the u- and t-channel 
terms. Why do the coupling constants have to 
be modified from one approach to the other? 
The method of avoiding the singularities affects 
only the u- and t-channel contributions. Hence, 



in Fig. |3] we plot our calculations of the reso- 
nant multipoles with the full rescattering model, 
but in the driving term V nl * we include just the 
pion pole (right panel) contribution (t-channel 
pion exchange) or just the nucleon u-channel ex- 
change (left panel). The t-channel contribution 
to the M\ + multipole is weakly affected by this 
modification, while the u-channel changes signif- 
icantly. This shift results in §m changing from 
2.67 to 3.10. The contribution to the E\ + mul- 
tipole at low Q 2 between model (I) and model 
(II) is quite large, resulting in qe changing from 
0.112 to 0.048. The differences in the two mod- 
els at higher Q 2 are not so large since the effects 
in the t- and u-channel terms partially cancel. 
The largest effect is in the Si+ multipole. The 
u-channel contribution varies significantly at low 
Q 2 between models (I) and (II), while at larger 
Q 2 it is the t-channel contribution which varies. 
Using the Q 2 = results we had to change gc 
from -0.38 to -0.18. Depending on the size of 



N u-channel exchange n t-channel exchange 




1 2 3 1 2 3 4 
Q 2 [(GeV/c) 2 ] 



FIG. 3: Nucleon u-channel (left) and pion t-channel 
(right) contributions at W = 1.232 GeV for the res- 
onant multipoles. Solid lines are the multipoles de- 
termined using Q 2 /2W approximations while dashed 
lines represent the same calculation using spectator 
approximation. See text for explanations. 

the u- and t-channel contributions to the vari- 



6 



ous multipoles, the values at Q 2 = can change 
significantly and the extracted Q 2 dependence 
for Gm-, Ge and Gc may change from model 
(J) to model (II). Fortunately, the overall Q 2 
dependence as shown in Fig. [2] is not changed 
very much. The nucleon exchange term has a 
larger effect in the M\ + than the pion pole, in 
fact, the u-channel change leads to a modifica- 
tion of the shape of the fitted Gm(Q 2 )- In the 
case of the E\+ quadrupole, the Q 2 dependence 
is not affected in any of the instances, hence 
we did not have to refit the Q 2 dependence of 
G E {Q 2 ). The Q 2 dependence of G C (Q 2 ) had 
to be slightly modified since we see an over- 
all strengthening of both the pion pole and nu- 
cleon crossed terms (above Q 2 1 (GeV/c) 2 ) 
from model (II) to model (/), hence we had to 
make Gc(Q 2 ) slightly harder from model (II) 
to model (J). We did not plot the effects of 
these two models in the A crossed term but we 
analyzed them, and as expected, they did not 
play an important role in the resonant multi- 
poles (most of the A contribution to the reso- 
nant multipoles comes from the direct and the 
Born terms). 

In Fig. |I] and Fig|S] we compare our cal- 
culations with some recent results from CLAS 
zj . . This asymmetry measurement is impor- 
tant in determining the t— channel pion pole and 
contact Born terms contributions in ir + n, which 
otherwise are weak in the 7T°p channel. Mea- 
surements of beam asymmetry Alt' where made 
only for the neutral channel, but since in this re- 
action the non-resonant amplitude strongly in- 
terferes with the imaginary part of the dominant 
A(1232) M^ /2) it is difficult to extract the infor- 
mation about the non-resonant contribution to 
the observables. The resulting amplitude for tt°p 
is strongly dependent on the rescattering correc- 
tion and largely dependent on the way the model 
generates the width of the resonance. 

The calculated angular distribution of cjlt 1 
for the 7r + n channel show a strong forward peak- 
ing for energies around the A, in contrast to 
channel which shows backward peaking. In 
Fig. 0] and Fig. [5] we plot the asymmetry Alt' 
and the longitudinal-transverse polarized struc- 
ture function olt'i respectively. The relation- 
ship between these two quantities, following the 



reference 20] conventions, is as follows: 



Alt' = V / 2£l(1 - e)R LT > sin <f>Ja , (19) 



where 



(T = Rt + clRl + V 2€ l(1 + e)R T L cos <f> n 
+ eRrr cos 20k, (20) 

where Ri (i = T, L, LT, TT) are the response 
functions, e = (l + 2|q| 2 /Q 2 tan 2 (0 e /2)) -1 is 
the degree of transverse polarization and cl = 
(Q 2 /oj 2 ) e is the degree of longitudinal polar- 
ization of the virtual photon. Therefore the 
longitudinal-transverse polarized structure func- 
tion shown in Fig. 0] is: olt' = Rlt' / sm6 w , 
which is written in terms of the electromagnetic 
multipoles, 

Rlt = ~ sin^/m{(F* + F* + cos^F 4 *)F 5 
+ (F* + FZ + cos9 7T F*)F 6 }, (21) 

where F{ with i = 1, . . . , 6, are the CGLN am- 
plitudes jijj which are defined in the appendix 
of |2[J. The two approximations (solid lines 
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W.1.22 GeV 



W.1.18 GeV 





* i < 



i i t 



-0.5 0.0 0.5 -0.5 0.0 0.5 

cos e 



FIG. 4: olt 1 versus costf^ for p(e,e'n)ir + and 
p(e,e'p)TT° at Q 2 = 0A{GeV/c) 2 . The data points 
are from [2^, H3 • The lines are the same as in Fig|3| 
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FIG. 5: Beam asymmetry versus <f> n for p(e, e'n)7r + 
at g 2 = 0A(GeV/c) 2 , W = 1.22 GeV and for fixed 
9. The data points are from ,23] and the lines are the 
same as in Fig|3] 



FIG. 6: Differential cross section versus cf>„ for 
p(e,e'p)7r° at Q 2 = 5(GeV/c) 2 , W = 1.23 GeV and 
for fixed 8. The lines are the same as in Fig 03 



is the Q 2 /2W / -approximation and dashed line is 
the spectator approximation) are used in our cal- 
culations and a fairly good agreement is obtained 
in both cases. The largest difference can be no- 
ticed in the case of the asymmetry A^i for the 
neutral channel for cm. total energy equal to 
the A mass, while for the other kinematics there 
is no practical difference. Since these observ- 
ables are directly proportional to the longitudi- 
nal component of the electromagnetic current, 
then the overall difference can be a direct mea- 
sure of the uncertainty of our model related to 
the theoretical error introduced by either of the 
approximations . 

In view of the upcoming data from JLab for 
higher values of the Q 2 , in Figs. Eland[7|we show 
the prediction of our model for differential cross 
sections although we only fit our A electromag- 
netic form-factors up to Q 2 = 4(GeV/c) 2 (see 
[ll|). For the differential cross section both ap- 
proximations give very similar results, proving 
once again that the cross section is not sensi- 
tive enough to possible theoretical errors in the 
model. 



IV. CONCLUSIONS 

A dynamical model for pion electro- 
production was first introduced in |ll( where it 
was used for determining the A electromagnetic 
form- factors. The major theoretical uncertainty 
in our model is the treatment of the u- and 
t-channel terms in the potential V^- 7 *. For 
large Q 2 (i.e., large negative mass squared of 
the virtual photon), non-physical singularities 
occur in these terms when they go off shell 
in solving the scattering integral equation. 
We have investigated two approximate ways 
of solving this problem. The first was the 
spectator approximation for these diagrams and 
the second was to modify the relative energy in 
these diagrams by ±Q 2 /2W. We have shown 
that the singularity problem can be partially 
solved without affecting the Q 2 = results by 
proposing an ad-hoc solution which avoids these 
poles. Within the theoretical uncertainty of 
how to regularize the u- and t-channel terms for 
pion electro-production, this model provides an 
overall good prediction of the available data up 



8 



£=0.5494, cos(e)=-0.9 


£=0.5494, cos(8)=-0.7 






£=0.5494, cos(B)=-0.5 


£=0.5494, cos(6)=-0.3 






£=0.5494, cos(8)=-0.1 


£=0.5494, cos(e)=0.1 


e=0.5494, cos(e)=0.3 


e=0.5494, cos(e)=0.5 






£=0.5494, cos(e)=0.7 


£=0.5494, cos(B)=0.9 







90 180 270 360 90 180 270 360 



[degj 4> K [deg.] 

FIG. 7: Differential cross section versus tf>„ for 
p(e,e'p)ir° at Q 2 = 6(GeV/c) 2 , W = 1.23 GeV and 
for fixed 9. Only the Q 2 /2W approximation is shown, 
since the spectator gives almost identical predictions. 



through the first resonance region. Comparison 



with recent single polarization data also shows 
fairly good agreement. Furthermore, we predict 
cross sections at higher Q 2 that are being 
analyzed at Jlab. In our view, the ±Q 2 /2W 
approximation with restoration of current 
conservation provides a good dynamic model 
for investigating pion electroproduction at large 
Q 2 . The parameters needed also describe pion 
photoproduction quite well and allows the two 
processes to be studied in the same model. 
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